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Perchance
to Prune

During sleep, the brain weakens the connections among nerve cells,
apparently conserving energy and, paradoxically, aiding memory

By Giutio Tononi and Chiara Cirelli

VERY NIGHT, WHILE WE LIE ASLEEP, BLIND, DUMB AND ALMOST PARALYZED, OUR
N Dreins are hard at work. Neurons in the sleeping brain fire nearly as often
'\ as they do in a v ; = .







When we are awake, memories form as neurons that getauﬂvatadtegaﬁermgﬂmmmu ) -kﬂ)
Sleep researchers have assumed that during sleep, reactivation of these neuronal dn‘.‘uﬁs raimsﬂiem

But just the oppasite may occur (panel at right): mounting evidence suggests that spor

during sleep may weaken the synapses, or contact points, between neurons in manyrumedamﬂs.
Such weakening, the authors propose, would return the synapses to a baseline level of strengﬂ'n——-
a change that would conserve energy in, and reduce stress on, nerve cells. This returmn to
baseline, called synaptic homeostasis, could be the fundamental purpose of sleep.
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The evidence for this importance starts
with sleep’s ubiquity. All animals appar-
ently sleep even though being uncon-
scious and unresponsive greatly raises
the risk of becoming another creature’s
lunch. Birds do it, bees do it, iguanas and
cockroaches do it, even fruit flies do it, as
we and others demonstrated more than a
decade ago.

Furthermore, evolution has devised a
few extraordinary adaptations to accom-
modate sleep: dolphins and some other
marine mammals that must surface often
to breathe, for example, sleep by alter-
nately switching off one hemisphere of
their brain while the other remains in a
waking state.

Like many scientists and nonscien-
tists, the two of us have long wondered
what benefit sleep provides that makes it
so crucial to living creatures. More than

20 years ago, when we worked togetherat i

the Sant'Anna School of Advnneied St'ﬂ'
iesin Pisa, Ttaly, we began
the brain’s activity during
somehow restore to a baseline
billions of neural
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modified every day by the events of wak-
ing life. Sleep, in this telling, would pre-
serve the ability of the brain’s circuitry to
form new memories continually over the
course of an individual’s lifetime without
becoming oversaturated or obliterating
older memories.

We also have an idea of why awareness
of the external environment must be shut

off during sleep. It seems to us that con-

scious experience of the here and now has
to be interrupted for the brain to gain the

chance to integrate new and old memo-

ries; sleep provides that respite. -
Our hypothesis is somewhat con

versial among our fellow ne ientis

who smdy sleep‘b mle- in 1
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SCHOOL OF NOD

SCIENTISTS first proposed the idea that slecp
is important to memory nearly a centuny
ago, and plenty of experiments since then
have shown that after a night of sleep, and
sometimes just a nap, newly formed men-
ories “stick” better than they would if one
had spent the same amount of time awake.
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Because of such findings, many re-
searchers came to assume that sleep “re-
play” consolidates memories by further
reinforcing Synapses—the contact points
between neurons—that have been strength-
ened when an individual is awake. The
idea is that, as linked neurons fire repeat-
edly, the synapses connecting them more
readily convey signals from one neuron
0 another, helping neuronal circuits to
encode memories in the brain, This pro-
cess of selective strengthening is known
45 synaptic potentiation, and it is the
favored mechanism by which the brain is
thought to accomplish learning and
remembering.

Yet while replay and potentiation are
known to oceur duri ng waking activities,
scientists have so far found no direct evi-
dence that the synapses in replayed cir-
Cuits get strengthened during sleep. This
lack of evidence hardly surprises us, It is
‘onsistent with our suspicion that while
the sleeper lies unaware, all that brain
activity—the “replay” as well as other
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seemingly random firings—might actual-
ly be weakening neural con nections, not
strengthening them.

THE PRICE OF PLASTICITY
THERE ARE MANY good reasons to propose
that synapses must become weakened as
well as strengthened for the brain to func-
tion properly. For one thing, strong syn-
apses consume more energy than weak
ones, and the brain does not have infinite
stores of energy. In humans the brain ac-
counts for almost 20 percent of the body’s
energy budget—more than any other or-
gan by weight—and at least two thirds of
that portion goes to supporting synaptic
activity. Building and bolstering synapses
is also a major source of cellular stress, re-
quiring cells to synthesize and deliver
components ranging from mitochondria
(the cell's power plants), to synaptic vesi-
cles (which ferry signaling molecules), to
various proteins and lipids that are need-
ed for communication across synapses.

It seems clear to us that this strain on
pesources is unsustainable, The brain can-
not go on strengthening and maintaining

revved-up synapses both day and night
for the whole of an individuals lifetime.
We do not doubt that ]earning oceurs
mainly through synaptic potentiation. We
simply doubt that strengthening contin-
ues to happen during sleep,

In contrast, synaptic weakening dur
ing sleep would restore brain circuitry to a
baseline level of strength, thereby avoid-
ing excessive ENErgy consumption and cel-
lular stress, We refer to this baseline-re-
storing funection of sleep as preserving
Synaptic homeostasis, and we call our
overall hypothesis about the role of sleep
the synaptic homeostasis hypothesis, or
SHY. In principle, SHY explains the essen-
tial, universal purpose of sleep for all or-
ganisms that do it: sleep restores the brain
to a state where it can learn and adapt
when we are awake. The risk w ¢ take by
becoming disconnected from the environ-
ment for hours at a time is the price we
pay for this neural recalibration. Most
generally, sleep is the price we pay for the
brain’s plasticity—its ability to modify its
wiring in response to experience.

But how does SHY explain sleep’s salu-
tary effects on learning and memory? How
can weakened synapses improve the over
all retention of skills and facts? Consider
that, over the course of a tvpical day, al-
most evervthing vou experience leaves a
neural trace in the brain and that the sig-
nificant events, like meeting a new person
or learning a piece of music on the guitar,
make up just a trifling portion of that neu-
ral encoding. To improve memory, the
sleeping brain must somehow distinguish
the “noise” of irrelevant information from
the “signal” of significant happenings.

We suggest that in sleep, the sponta-
neous firing of neurons in the brain acti-
vates many different cirenits in many dif-
ferent combinations, encompassing both
new memory traces and old networks of
learned associations. (You get a glimpse
of this neural free-for-all in dreams.) The
spontaneous activity lets the brain try
out which new memories fit better with
stored memories of proved significance
and weakens those synapses that do not
fit well in the grand scheme of memory.
We and other investigators are exploring
possible mechanisms by which brain ac-
tivity could selectively weaken synapses
that encode the “noise” while preserving
those that correspond to the “signal ®

While the brain tries out these imagi-
nary scenarios and enacts weakening
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much less concentrated then.

Awake

Early NREM

where appropriate, we had best be un-
aware of the surrounding environment
and be incapable of acting in it; that is, we
had best be asleep. Likewise, restoring
synaptic homeostasis should not take
place while we are awake because the
events of the day would dominate the pro-
cess, giving salience to them rather than
to all the knowledge the brain has accu-
mulated over a lifetime. The profound dis-
connection of sleep frees our brain from
the tyranny of the present, creating an
ideal circumstance for integrating and
consolidating memories.

A WEAK CONNECTION
OUR PROPOSAL that the brain uses neuronal
firing during sleep to weaken rather than
strengthen synapses is supported in part
by close analyses of data from a standard
workhorse of sleep research: the electro-
encephalogram, or EEG. EEGs record pat-
terns of electrical activity in the cerebral
cortex via electrodes attached to the scalp.
Decades ago EEG recordings of the sleep-
ing brain revealed two main categories of
sleep, called rapid eye movement (REM)
and non-REM (NREM), that alternate

throughout the night. Each has cuve i

brain- -wave pattems In 8ddlﬁen to

POSSIBLE MECHAN

Sleep Comes in

Recordings of electrical activity in the brain show that brain
changes throughout the night as the sleeper altemates Vi
(REM) and non-REM (NREM) sleep (graphs). The slower waves of NREM sleep
crease in size through the course of a night—a pattern suggesting that the syna R
involved in these waves get weaker. The authors propose that this weakening occurs in.
part because certain chemicals needed for strengthening activated synapses become

eye

A decade ago the late Mircea Steriade
of Laval University in Quebee discovered
that the slow oscillations of NREM sleep
arise when groups of neurons fire togeth-
er for a little while (so-called on periods),
then fall silent for about a fraction of a
second (off periods) and then resume
their synchronized firing. This was one of
the fundamental discoveries in sleep re-
search. Since then, scientists have also
discovered that in birds and mammals,
the slow waves are large if preceded by a
long period of wakefulness and become
smaller as sleep goes on.

We reasoned that if synapses are strong,
neurons will synchronize their firing more,
producing larger slow waves. If synapses
are weak, neurons will be less synchro-
nized and the resulting slow waves will be
smaller. Results of computer simulations
and experiments in humans and animals
led us to conclude that the big, steep slow

waves early mthenightindlmteth ajm- :

the baseline level by
ing if—and only if—the
sleep ‘We saw a similar
the cerebral cortex of ad-
the number of synaptic

~ spines tended to rise when the animals

were awake and to fall when they slept. In
adult rodents, the upshot is the same, al-
though it is not the number of synaptic
spines that changes with wakefulness and
sleep but rather the abundance of certain
spine molecules, known as AMPA recep-
tors, that determine the strength of a syn-
apse. When we monitored these AMPA re-
ceptors, we found that their number per
synapse increases after wakefulness and
decreases after sleep. More receptors make
for stronger synapses; fewer mean the syn-
apses have weakened.

Synaptic strength can be gauged di-
tectly by using an electrical probe to stim-
ulate neural fibers in the cortex. The neu-
rons respond with an induced electrical
discharge that is larger when synapses are
strong and smaller when the connections
are weak. We showed that in rats, stimu-
lated neurons fire more strongly after a
few hours of wakefulness and less i
after sleep. MamelloMmshnim ofthaﬂai- ;
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Down selection would ensure that in-
nificant events would leave no lasting
we in our neural cireuitry, whereas
cmories of note would be preserved. As
1additional bonus, down selection would

s0 make room for another cycle of synap-

¢ strengthening during wakefulness. In-
leed, some findings imply that among its
many other benefits for learning and mem-
ory, sleep aids the subsequent acquisition
of new memories (material encountered
before the next bout of sleep). Quite a few
studies have shown that after a night of
sleep, you can learn new material much
better than you ecan after having been
awake all day. (Students, take note.)

Although we have no direct evidence

for a mechanism that would produce se-
lective weakening of activated synapses
as yet, we have a notion of how synaptic
weakening could occur. We suspect the
slow waves of mammalian NREM sleep
somehow play a role. In lab studies of rat
brain tissue, nerve cells became less effec-
tive at passing signals to one another when
stimulated in ways that mimic the syn-
chronized on/off cycl a
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strength goes up during wakefulness and
down during sleep; the core prediction of
SHY. We can test SHY further by examin-
ing some of its intriguing corollaries.

For example, if the hypothesis is cor-
rect, then the more plasticity a part of the
brain undergoes during wakefulness, the
more that part should need to sleep.
“Sleep need” can, in turn, be indicated by
an increase in the size and duration of
NREM slow waves, To explore this predic-
tion, we asked human subjects to learn a
novel task: how to reach a target on a
computer screen while the cursor (con-
trolled by a mouse) is systematically rotat-
ed. The part of the brain that engages in
this kind of learning is the right parietal
cortex. Sure enough, when our subjects
slept, the slow waves over their right pari-
etal cortex were larger, relative to waves
from the same area on the night before
learning occurred. These large waves did
flatten out in the course of the night, as
such oscillations do. But those large, local-
ized waves at the start of the night tell us
that particular part of the brain had been
exhausted by the task we assigned.

Many other experiments by the two of
us and others have since confirmed that

learning, an - activa-

moods result from local
sleep in the brains of exhausted people
who believe they are fully awake and in
complete control.

SHY also predicts that sleep is especial-
ly important in childhood and adoles-
cence, times of concentrated learning and
of intense synaptic remodeling, as many
studies have shown. In youth, synapses are
formed, strengthened and pruned at an ex-
plosive rate never approached in adult-
hood. It makes sense that down selection
during sleep would be crucial to minimize
the energy costs of this frenzied synaptic
remodeling and to favor the survival of
adaptive neural circuits in these stages of
life. One can only wonder what happens
when sleep is disrupted or insufficient dur-
ing critical periods in development. Might
the deficit corrupt the proper refinement
of neural circuits? In that case, the effect of
sleep loss would not merely be occasional
forgetfulness or misjudgment but a lasting
change in the way the brain is wired.

We look forward to testing SHY's pre-
dictions and exploring its implications
further. For example, we hope to discover
whether sleep deprivation during neural
development leads to changes in the orga-
nization of brain circuitry. We would also
like to learn more about the effect of sleep
on deep-brain areas, such as the thala-
synaptic homeostasis. Perhaps we

hen learn if sleep is indeed




